Trees utilize a combination of chemical and anatomical defenses against a myriad of attacking organisms. However, persistent pathogen infection that alters resource acquisition may impact growth and defense relationships, which could have consequences for tree resistance. We characterized systemic chemical and anatomical changes in jack pine (Pinus banksiana) in response to infection by the parasitic plant dwarf mistletoe (Arceuthobium americanum) and identified how the growth-defense relationship is altered due to infection severity. Our study found that the growth and defense relationship in jack pine was altered due to infection and that chemical defenses in the phloem received a relatively higher priority than radial growth and anatomical defenses. Chemical defenses in the phloem had a non-linear relationship with infection severity with increasing concentrations of monoterpenes in trees with moderate infection and decreasing concentrations at high infection. In contrast, both radial growth and vertical resin duct production decreased with increasing infection severity. While constitutive resin duct counts and many monoterpene compound concentrations were positively correlated, this relationship was not maintained in infected trees. Furthermore, radial growth and basal area increment was positively correlated with resin duct production and monoterpene concentration in non-infected trees but had fewer relationships in severely infected trees. We conclude that while both chemical and anatomical defenses may be used as indicators for potential resistance to biotic stress in pines, changes in resource allocation patterns between these defenses after infection will likely have consequences on tree resistance to subsequent biotic attacks.
Introduction
Conifers utilize multiple defense mechanisms to resist biotic attacks but need to balance production of these defenses with other life functions such as growth (Koricheva et al. 1998 , Franceschi et al. 2005 , Raffa et al. 2005 , Iason et al. 2011 . Several physiological models have been developed to predict the interactions between plant defenses and growth over gradients of available resources Mattson 1992, Stamp 2003) . However, less is known about how negative biotic interactions can impact defense-growth relationship. For example, where low resource availability due to environmental conditions reduces growth more than photosynthesis, the growthdifferentiation balance hypothesis predicts that resources should be allocated towards defense over growth (Herms and Mattson 1992) . It is well-known that a parasitic plant infection can significantly diminish photosynthetic capabilities of trees (e.g., Meinzer et al. 2004 , Rigling et al. 2010 , and at the same time, can induce the production of defenses that are systemically regulated by signaling compounds (Bonello et al. 2006 , Stout et al. 2006 , Bari and Jones 2009 , Eyles et al. 2010 , Klutsch et al. 2016 , 2017 . Furthermore, plant perception of infection may also alter allocation of resources between different defense mechanisms, which rely on the same pool of resources . Understanding the functional relationships between growth and defense and between different defensive capabilities of trees under attack is important to predict plant-pathogen interactions and tree survival and performance against further biotic challenges. In this study, we identified the systemic impact of infection by a parasitic plant on multiple defenses and their relationship with growth in healthy and infected trees.
Chemical and anatomical defenses are two important defense mechanisms in conifers that protect them from attacking organisms (Franceschi et al. 2005 , Keeling and Bohlmann 2006 , Eyles et al. 2010 ). Monoterpenes are a major component of resin and are toxic to fungi and insects at high concentrations (Raffa et al. 2005 , Chiu et al. 2017 , Reid et al. 2017 , Erbilgin et al. 2017a ). In the secondary phloem and xylem of conifers resin is produced, stored and transported in a network of axial and radial resin ducts (Wu and Hu 1997, Franceschi et al. 2005) . Trees with the greatest constitutive resin duct structure have been shown to better resist bark beetle attacks (Wu and Hu 1997 , Kane and Kolb 2010 , Ferrenberg et al. 2014 . Furthermore, the long-term record of this anatomical defense may serve for characterizing the intrinsic defensive potential of an individual tree as there is an annual record of production . In contrast, defense chemicals in the phloem are induced more rapidly in response by attack than resin duct production but the capacity of chemical induction may also be associated with existing resin ducts. Therefore, there is potential for trade-offs between the systemic induction of chemical defenses in the phloem that occurs following attacks by biotic disturbance agents and the longer-term formation of anatomical defenses in the form of resin ducts.
The amount of resources (e.g., carbohydrates) available can alter allocation of these resources between primary (growth) and secondary (defense) metabolism (Herms and Mattson 1992 , Gershenzon 1994 , Koricheva et al. 1998 . The relationship between growth and defense can be examined retrospectively using resin duct characteristics as they can represent the relative allocation of carbon to defense as compared to growth for a given year (Kane and Kolb 2010) . Resin duct measures have been shown to have a negative, neutral, or positive phenotypic relationship with radial growth in pine (Pinus) species depending on which resin duct variables are measured, tree age, tree species, and environmental conditions (Kane and Kolb 2010 , Ferrenberg et al. 2014 , Lindberg 2017 . Likewise, growth-chemical defense interactions in pine have been shown to vary from having positive (Villari et al. 2014 , Ferrenberg et al. 2017 to neutral (Lombardero et al. 2000 , Sampedro et al. 2011 , Bentz et al. 2016 relationships. These relationships can be altered if trees are attacked by an organism because the attack usually leads to induction of chemical defenses in trees that can be different in terms of composition and concentrations of toxic chemicals (Eyles et al. 2010) . Therefore, identifying relationships between growth and defense and between different defenses at constitutive and induced levels allows us to better understand plant defense coordination and how the interaction of multiple defenses impacts plant resistance to subsequent attacks (Rasmann and Agrawal 2009) .
We examined the effect of lodgepole pine dwarf mistletoe infection (Arceuthobium americanum) on anatomical and chemical defense relationships with radial growth in jack pine (Pinus banksiana). Jack pine is an ecologically and economically important component of the North American boreal forest and infection by the parasitic plant dwarf mistletoe is widespread in the western range of jack pine (Hawksworth and Wiens 1996) . Dwarf mistletoe infections slowly intensify on the stem and branches in infected trees over many years and cause changes to tree crown architecture, reduce photosynthetic capacity, and act as sinks for both water and photosynthates (Hawksworth and Shaw 1984 , Hawksworth and Wiens 1996 , Meinzer et al. 2004 , Rigling et al. 2010 ). Monoterpenes, a major class of chemical defenses, has been shown to be greater in concentration in the phloem of jack pine with a moderate A. americanum infection severity compared to non-infected and severely infected trees (Klutsch et al., 2016 . However, the long term and systemic effect of this 
Methods and materials
Site description and sampling
We selected three sites with natural seeded stands dominated by mature jack pine near the towns of Bruderheim, Smoky Lake, and Lac La Biche, Alberta, Canada (Table 1 ). In July 2012, we rated the dwarf mistletoe infection severity on jack pine with diameter at breast height >18 cm (1.4 m, DBH) at each site using the Hawksworth Dwarf Mistletoe Rating (DMR) system with a scale of 0 (non-infested) to 6 (more than 50% of branches infested throughout the crown) (Hawksworth and Wiens 1996) . Trees were randomly chosen based on their DMR (0, 2, 3, 5, or 6) during a survey of the stand with dwarf mistletoe infected jack pine and the following measures were taken on trees at Bruderheim (n = 39), Smoky Lake (n = 53), Lac La Biche (n = 50): DBH, height, and height to bottom of crown. We removed a 5 cm × 5 cm section of bark down to the beginning of the xylem at 1.3 m on the north and south sides of each tree. The phloem layer was removed from the bark and was wrapped in aluminum foil and kept at −40°C until ground to a fine powder in liquid nitrogen and analyzed for monoterpene composition as described below. We recorded phloem thickness from another 5 × 5 cm section taken directly above the 1.3 m sampling height on the north and south facing sides. These samples were sealed in air-tight bags and used to record wet weight. Dry weight was measured after drying samples at 70°C for 4 days and percent phloem moisture was calculated as: (wet -dry)/dry × 100. Radial increment growth and resin duct measures were calculated from increment core samples taken on the north side of trees next to the 1.3 m phloem sample used for monoterpene analysis. We used increment core borers (5.15 mm wide) to take cores that went about 10 cm into the wood. We prepared cores using standard techniques, such as drying, mounting and sanding with incrementally fine sand paper (Kane and Kolb 2010) . Cores were scanned at 1200 d.p.i. and widths were measured between ring boundaries using WinDendro (Regent Instruments 2008) . Ring widths from the most recent 10 years were then visually cross-dated to assign a calendar year to each ring (Grissino-Mayer 2001) . Measures of resin ducts were analyzed in ImageJ (ver. 1.50i, Schneider et al. 2012) . A sampling area (width of 3 mm) was drawn on each core photo and the number and area of resin ducts per ring were measured. The following parameters were calculated from increment and resin duct data averaged for the last 5 and 10 years: ring width (mm), basal area increment (cm 2 yr −1 ), percent basal area, DBH 10 years before sampling, number of resin ducts yr −1 , resin duct density (number cm −2 ), resin duct area (mm 2 ), and percent resin duct area (percent ring increment area composed of resin ducts).
Monoterpene analysis
Concentration of monoterpenes and other dichloromethaneextractable compounds were measured using established methods (Klutsch et al. 2016) . Briefly, ground samples from north and south facing sides of each tree were combined and 100 mg was extracted twice with 0.5 ml of dichloromethane and 0.004% tridecane (internal standard). Each extraction was vortexed for 30 s, sonicated for 10 min, and centrifuged at 16,100 rcf at 2°C for 15 min, before the two extracts were pooled. Sample extract (1 μl) was injected in splitless mode into a Gas Chromatograph/Mass Spectrometer (GC/MS, Agilent 7890 A/ 5975C, Agilent Tech., Santa Clara, CA, USA) equipped with a HPInnowax column (I.D. 0.25 mm, length 30 m) (Agilent Tech.) with helium carrier gas flow at 1 ml min
, and a temperature of 55°C for 0.5 min, increased to 60°C by 2°C min , held for 1 min, and finally increased to 250°C by 30°C min −1 . To quantify individual and total compounds (mainly monoterpenes) (ng mg −1 of fresh tissue, hereafter concentration), the following standards were used: borneol, pulegone, α-terpinene, γ-terpinene, α-terpineol, camphor (Sigma-Aldrich, St. Louis, MO, USA), 3-carene, terpinolene, α-pinene, β-pinene, limonene, myrcene, camphene, p-cymene, 4-allylanisole (Fluka, Sigma-Aldrich, Buchs, Switzerland), bornyl acetate, cis-ocimene (SAFC Supply Solutions, St. Louis, MO, USA) and β-phellandrene (Glidco Inc., Jacksonville, FL, USA).
Data analysis
We tested whether there was an interaction between dwarf mistletoe rating and site on phloem physical characteristics, measures of chemical defenses, resin duct defenses, and increment growth using an ANOVA with site, dwarf mistletoe rating, and their interaction as fixed effects (PROC GLM in SAS, ver. 9.3). Because there was not a significant interaction between site and dwarf mistletoe rating, a mixed model with site as a random effect was constructed (PROC MIXED). Due to the expected growth reduction from infection (Hawksworth and Wiens 1996) and because we could not identify the year of first infection, we examined whether there was an effect of tree size on defenses and recent growth. We calculated the DBH 10 years before sampling to account for the potential impact of dwarf mistletoe-induced growth reduction and added this size variable as a covariate in the mixed model. This tree size covariate did not significantly explain variation defense and growth parameters and the Akaike's information criterion (AIC) were lower in models that did not include the tree size covariate. Therefore, the final models used to identify the impact of dwarf mistletoe infection on defense and growth did not include a tree size covariate. Growth measures were square root transformed, and dichloromethane-extractable compounds were natural log transformed to meet assumptions of normality. Quadratic relationships between dwarf mistletoe rating and monoterpene concentrations (total and individual) were assessed by comparing the AIC between linear models with and without a squared dwarf mistletoe rating variable and selecting the model with the lowest criterion. The with-in tree relationships among phloem monoterpene concentrations and measures of resin ducts and basal area increment were evaluated using Pearson productmoment correlation coefficients.
Results

Phloem characteristics and monoterpene concentrations
Phloem thickness decreased by 2.5% with each unit increase of dwarf mistletoe rating ( Figure 1 , Table 2 ). For every increase in dwarf mistletoe rating, phloem moisture was 3.7% lower. Fifteen monoterpenes were found in jack pine phloem (see Table S1 available as Supplementary Data at Tree Physiology Online). Across all study sites, the total amount of monoterpenes increased with increasing infection severity in trees with low dwarf mistletoe ratings (DMR ≤ 2), but concentrations decreased in trees with higher severity infections (DMR ≥ 3) (Figure 2 ). Seven individual monoterpenes (α-pinene, camphene, 3-carene, myrcene, α-terpinene, β-phellandrene and terpinolene) followed the same non-linear pattern across dwarf mistletoe infection severities as total monoterpenes. The percent concentration of β-pinene also varied non-linearly with dwarf mistletoe rating, but the lowest composition was found in trees with moderate infection severity (sqrt(β-pinene) = 7.68 + (−1.21 * β [DMR] ) + (0.23 * β [DMR^2] ), P-values for β [DMR] and β 
Resin duct measures and radial growth
Five-and 10-yr mean annual resin duct production decreased with increasing infection severity across all study sites (Table 2, Figure 3 ). Five and 10-yr mean annual resin duct area, resin duct density and percent resin duct area did not vary with dwarf mistletoe rating. In all sites, 5-and 10-yr mean annual increment, basal area increment and percent basal area increment of trees decreased with increasing infection severity (Figure 4 ).
Correlations among defense and growth characteristics
In trees free of dwarf mistletoe infection, the total monoterpene concentration and six individual compounds in the phloem positively correlated with the most recent 5-yr resin duct production and basal area increment (Table 3) . Similarly, in the same trees, 10-yr resin duct production was positively correlated with total monoterpenes and six individual compounds (see Table S2 available as Supplementary Data at Tree Physiology Online). Five and 10-yr resin duct area, density and percent resin duct area did not show any correlation patterns over levels of infection severity with phloem monoterpene concentrations (data not shown). While, total monoterpenes, α-pinene, camphene and myrcene were positively correlated with resin duct production, basal area increment and radial increment in the most recent 5-yr radial growth in trees that were free from infection, these relationships were not present in infected trees. In contrast, 3-carene, bornyl acetate, 4-allylanisole and α-terpineol were only found to correlate with resin duct production, basal area increment or radial increment in infected trees (see Table S3 available as Supplementary Data at Tree Physiology Online). Furthermore, total monoterpene concentration only correlated with phloem width in trees with moderate severity of infection (DMR 3, r = 0.45, P = 0.018; DMR 5, r = 0.60, P < 0.001). Table 2 for model equations. Error bars are SE.
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Resin duct production was positively correlated to 5-yr basal area increment in trees without infection and trees with low to moderate infection severities (DMR = 2, 3 and 5) ( Table 4) . Ten-year basal area increment correlated with resin duct production in trees at all infection severities, and in trees with DMR = 2 tree growth had a positive relationship with resin duct area and a negative relationship with resin duct density (see Table S4 available as Supplementary Data at Tree Physiology Online). Furthermore, 5 and 10-yr resin duct production were positively correlated with phloem width only in trees not infected with dwarf mistletoe and not in infected trees (see Table S5 and S6 available as Supplementary Data at Tree Physiology Online). Five-year basal area increment, percent basal area and radial increment were positively correlated with phloem width in healthy trees or trees with low severity infection.
Discussion
Through our research we show that dwarf mistletoe infection differentially impacts chemical and anatomical defenses in jack pine and that growth and defense relationships depend on the type of defense (anatomical or chemical) and infection severity. Figure 5 shows the theoretical relationship among two different defense mechanisms and growth as they change with increasing infection severities by a parasitic plant. Resin duct production and radial increment growth were negatively influenced by infection severity, whereas, moderately infected trees had higher monoterpene concentrations compared to non-infected or severely infected trees. Furthermore, although 5-yr annual radial growth along with anatomical and chemical defenses were positively correlated in healthy trees, increasing infection severity removed any correlations between these two types of defenses. These potential trade-offs between different defense mechanisms, along with dwarf mistletoe-induced changes in the physical characteristics, can have major consequences for plant-insectparasitic plant interactions as described below (Amman 1972 , Paine et al. 1997 , Klutsch et al. 2016 , 2017 , Erbilgin et al. 2017b ). Table 2 . Equations for mixed regression models identifying the relationship between measures of physical characteristics, anatomical defenses and increment growth with Arceuthobium americanum infection severity (DMR) in Pinus banksiana. Bolded parameter estimates (SE) are significant at α = 0.05. *Variable was square root transformed. Parameters used to build equations for Figures 1, 3 
Jack pine chemical and anatomical defenses differentially affected by parasitic plant infection
The relationship between chemical and anatomical defenses varied between non-infected and infected jack pine trees. In noninfected trees, chemical and anatomical defenses were positively correlated while such correlations disappeared in trees with infection. The linear decline in resin duct production and the non-linear response of chemical defenses to increasing infection severity likely contributed to the changes in the relationship between chemical and anatomical defenses. These results demonstrate a possible physiological trade-off between the two induced defense mechanisms ( Figure 5) . Similarly, there are also potential physiological trade-offs within classes of terpenoid compounds, as monoterpene concentrations have been shown to increase with dwarf mistletoe infection severity in jack pine while a diterpene resin acid, levopimaric acid, decreases .
Furthermore, there is evidence of potential trade-offs between constitutive and induced anatomical but not chemical defenses.
Resin duct production in non-infected trees was higher than production in infected trees, which is in contrast with the induced response of chemical defenses from infection. However, we could not accurately date and measure constitutive resin ducts prior to infection, which limits our ability to infer how much variation in the induced response is explained by constitutive characteristics, such as tree size and vigor before infection by dwarf mistletoe. In our study, analyses using tree size did not significantly explain variation in tree defenses. The result of this potential anatomical defense trade-off appears to be the prioritization of monoterpene chemical defenses over anatomical defenses in moderately infected trees. These defense responses to dwarf mistletoe infection may be related to limited carbon resources from infection-induced stress, defense signaling from biotic attacks, or a combination of both (Bari and Jones 2009, Klutsch et al. 2017) . Such differential responses between constitutive and induced defense mechanisms suggest that trees likely prioritize chemical over anatomical defenses in tissues vulnerable to insect or pathogen attacks as the former provides immediate protection whereas the latter requires more time to produce (Erbilgin and Colgan 2012) .
Although we did not measure other carbon-based defense chemicals, the induced concentrations of terpenoid and phenolic defenses along with anatomical defenses have been shown to vary with pathogen or insect attack (Moreira et al. 2008, Klutsch Table 2 for equations and fit statistics. Error bars are SE.
Tree Physiology Online at http://www.treephys.oxfordjournals.org et al. 2017, Raffa et al. 2017) . Knowing the relationship between these multiple defenses and how they vary with induction is important because they may work together towards resistance, be redundant, or even be antagonistic to resistance against attacking organisms (Rasmann and Agrawal 2009) . Furthermore, the physical characteristics of tissues, such as phloem thickness and moisture, change with increasing severity of dwarf mistletoe infection and can impact host susceptibility and success of attacking organisms (e.g., Amman 1972).
Jack pine growth relationships with constitutive and induced defense mechanisms
On a macroevolutionary context, plant defense theory generally predicts fast growing plants will have lower defenses (Stamp 2003) . However, growth and defense trade-offs can be complicated by a number of factors such as insect pressure, nutrient availability, tolerance to attack, and the effectiveness of secondary compounds Mattson 1992, Stamp 2003 ). Yet, on a phenotypic level, we found a positive relationship among recent radial growth and both anatomical and chemical defenses in healthy jack pine, supporting earlier studies in other pine species (Kane and Kolb 2010 , Gaylord et al. 2013 , Ferrenberg et al. 2014 , Moreira et al. 2015 , Bentz et al. 2016 . Furthermore, with increasing severity of infection there was a steep decrease in increment growth that others have also documented in jack pine (Epp and Tardif 2004) and in other tree species infected with Arceuthobium spp. (Hawksworth and Shaw 1984 , Tinnin et al. 1999 , Rigling et al. 2010 . The increment growth in these infected trees did not correlate with major phloem chemical defenses, xylem resin duct production, the proportion of resources invested in defenses as the relative investment in anatomical defenses (i.e., resin duct density) nor a proxy for the amount of stored defenses in resin ducts (i.e., resin duct size). The change in growth and defense correlations between constitutive and induced responses to dwarf mistletoe infection indicates a changing prioritization of growth and defenses ( Figure 5) .
Since a number of factors such as plant genetics, ontogeny, competition and growing conditions may impact allocation patterns of defenses (Kane and Kolb 2010 , Sampedro et al. 2011 , Villari et al. 2014 , Lindberg 2017 , Slack et al. 2017 , predicting the impact of these factors on plant resistance using current plant defense models can be difficult. This difficulty is compounded when only a few defenses are measured and relationships between defense mechanisms are only inferred (Koricheva et al. 1998, Hood and . Our study shows that including gradients of infection from biotic organisms and measuring multiple defense mechanisms can further explain allocation patterns among constitutive and induced defense chemistry and growth and thus could be incorporated in defense theories.
Conclusions
The relationship between anatomical and chemical defenses differed between non-infected and infected jack pine trees ( Figure 5 ). When both defense mechanisms were examined together, a combination of anatomical and chemical defenses in non-infected to moderately infected trees were still greater than in trees severely infected, suggesting that severely infected trees may be more susceptible to attack by stem infested organisms. However, if a single defense mechanism was examined over the same gradient of infection severity, we may have reached a different conclusion about jack pine resistance. This switch in relationship can impact what defines an indicator for potential resistance, as individually monoterpene levels and resin duct production have both been associated with more resistant responses in trees in insect and fungal attack (Franceschi et al. 2005 , Eyles et al. 2010 , Kane and Kolb 2010 , Moreira et al. 2012 , Ferrenberg et al. 2014 . Furthermore, since resin duct size in the current study did not correlate with monoterpene concentrations, resin storage in the xylem may not necessarily be greater in trees with high monoterpene concentrations in the phloem. We conclude that understanding the relationships Table 2 for equations and fit statistics. Values are back-transformed from square root and error bars are SE.
Tree Physiology Volume 38, 2018 Table 3 . Correlation between monoterpene concentrations and 5-yr resin duct production (no. yr −1 ) and basal area increment growth (cm 2 yr −1 ) of Pinus banksiana across three sites and Arceuthobium americanum (dwarf mistletoe) infection ratings (DMR). Pearson product-moment correlation coefficients and P-values in parentheses are presented and bolded values are significant at α = 0.05. The abbreviation 'na' is used where a compound is absent in phloem tissue.
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Resin duct no. Basal area increment
Resin duct no. between constitutive and induced defense mechanisms and how these relate to resource allocation to growth is needed for predicting resistance and susceptibility to multiple attacking organisms.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online. Table 4 . Correlation between 5-yr basal area increment (cm 2 yr -1 ) and resin duct characteristics of Pinus banksiana across three sites and Arceuthobium americanum (dwarf mistletoe) infection ratings. Pearson product-moment correlation coefficients (P-value) are presented and bolded values are significant at α = 0.05. Healthy trees have relatively high growth and xylem defense infrastructure and moderately high phloem defense. As infection by dwarf mistletoe is initiated and infection severity increases, xylem growth and resin duct production decrease. In contrast, defenses produced in the phloem in the form of monoterpenes increase in trees with low to moderate infection severity. However, phloem monoterpene concentration drops in severely infected trees to levels below found in healthy trees.
